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• Measured properties of torrefied pellets made from pine, logging residues and beech. 
. Pellets produced at two semi-industrial pilot-scale torrefaction plants. 

• Properties include: calorific value, bulk density, energy density, durability, EMC. 

• Results useful for evaluation of co-firing at pulverised coal plants. 
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Torrefaction is currently of interest for the production of a new generation of fuel pellets suitable for 
increasing co-firing rates at pulverised-coal power plants. However, few results have been reported on 
properties of pellets which can currently be produced from torrefied materials. This data is required in 
order to evaluate the suitability of this fuel for its primary application. 

The objective of this study was to obtain measured results on storage and handling properties of pellets 
made of torrefied pine, logging residues (with and without wheat flour binder) and beech. Experimental 
methods, most of which adhere to standard procedures, are described. The measured properties 
include calorific value, bulk density, durability, hardness and equilibrium moisture content (EMC). 
Additionally, EMC isotherms of torrefied beech wood are presented. The results are analysed and their 
influence on the feasibility of large-scale pellet production is discussed. The measured and derived values 
presented will be of use in determining feasibility of torrefied pellet production in offsetting the use of 
fossil coal. 

From the results the following statements can be made regarding produced pellet samples: 


• Feedstock choice has a strongly influence on properties of torrefied pellets. 

• Durability of torrefied pellets is problematic compared to wood pellets. 

• Outdoor heap storage of torrefied pellets is not recommended. 

• Logging residues do not seem to be an optimal feedstock choice for torrefied pellets. 

• Wheat flour does not appear suitable as binder for torrefied pellets production due to water 
absorption. 

• Pelletising using high die temperature (above 170 °C) should be investigated. 

© 2014 Elsevier Ltd. All rights reserved. 
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Nomenclature 



T 

temperature (°C) 

w(ty d 

hydrogen content in dry fuel (%) 

Qv.gr.d 

gross calorific value at constant volume (MJ kg 1 ) 

w(0) d 

oxygen content in dry fuel (%) 

Qp.net.rn 

net calorific value at constant pressure (MJ kg -1 ) 

w(N) d 

nitrogen content in dry fuel (%) 

Aq 

relative calorific value increase (%) 

EMC 

equilibrium moisture content of fuel (%) 

m M 

mass of moisture in fuel (kg nr 3 ) 

RH 

relative humidity (%) 

m d 

mass of dry fuel (kg m 3 ) 

P 

bulk density (kg nr 3 ) 

M 

moisture content (%) 

Pd 

bulk density on dry basis (kg nr 3 ) 

M ar 

moisture content as received (%) 

Pm 

bulk density at moisture content (kg nr 3 ) 

M w 

moisture content of fuel on wet basis, 

a 

energy density (GJ nr 3 ) 


100m M [ma + ntM]- 1 (%) 

<td 

energy density on dry basis (GJ nr 3 ) 

Mi s 

moisture content of fuel after 15-min water immersion 

c E 

energy unit conversion constant, 0.001 (GJ MJ -1 ) 


(%) 

d 

mechanical durability (%) 

M2.5 

moisture content of fuel after simulated rainfall of 
2.5 mm h 1 (%) 

h 

pellet hardness in kilogram weight equivalent (kg) 


1. Introduction 

The desire to generate energy more sustainably has fuelled 
renewed interest in biomass fuels. The physical properties of bio¬ 
mass as a fuel differ from coal in the following ways. 

• Low calorific value. 

• Low bulk density. 

• High moisture content. 

• Low friability. 

• More heterogeneous nature. 

Grate and fluidised-bed boiler technologies are designed to uti¬ 
lise fuels with the properties listed above and indeed firing bio¬ 
mass in these boilers is already widely practiced especially in 
Nordic countries. Pulverised fuel boilers however are exclusively 
designed for coal with good economics in mind. Fossil coal is still 
widely used throughout Europe and the world in large-scale power 
plants [1], The most cost-effective method of co-firing biomass in 
such plants is to mix it with coal which is known as direct co-firing. 
Although this sounds straightforward co-combustion in practice is 
limited by the extra costs of biomass pre-treatment (extra han¬ 
dling and milling requirements), additional operational costs from 
using non-coal fuels and any required retrofitting of the boiler [2], 
Other important factors at the fuel yard are how biomass affects 
the conveying of the mix to the boiler. Due to a difference in flow 
properties mixtures can bridge and form plugs in conveying lines 
and channels. These factors among others usually limit feasible 
rates of co-firing to 5-10% of thermal fuel input at plants designed 
to burn pulverised coal [2], 

Wood pellets are one type of biomass fuel that has been co-fired 
with coal. The production and use of wood pellets has grown rap¬ 
idly in recent years. Pellets are made from untreated sawdust and 
cutter shavings from mostly pine and spruce both by-products of 
wood processing industry. Pellet production conforms to standard 
methods in order to ensure minimum requirements are met with 
regard to fuel properties (i.e. calorific value, moisture content, 
mechanical durability, fines content &c.). For instance, a survey 
of Finnish wood pellet properties from five different producers 
has found that net calorific values range from 18.8 to 19.0 MJ kg 1 
with bulk densities of 560-690 kg nr 3 . Pellets absorb moisture 
and disintegrate readily and therefore are usually packed in large 
sacks and are protected from the elements. Their moisture content 
ranges from 7% to 12% and energy density 9.3-12.3 GJ m 3 [3], A 
similar range of 9.7-11.3 GJ nr 3 is found for Swedish-produced 
wood pellets [4], Wood pellet durability value describes the 
fraction of pellets which retain their form during transport and 


handling processes without going to pieces. This may include the 
formation of fine dust particles. The achieved durability of pellets 
is routinely above 97.5% but there exists a minimum nominal 
classification 95.5% according to standards (EN 15210). Hardness 
is another indicator of pellet quality. Although not existing as a 
standard, pellet hardness is a commonly used measurement to 
describe a pellet’s resistance to different types of forces. The 
Amandus Kahl hardness tester applies a radial force to a single 
pellet and hardness is quantified in units of kilogram equivalent. 
Typical values for wood pellets lie in the range 17-21 kg [3], Meyer 
hardness is evaluated using a static axial force on the pellet - not a 
radial force as in Kahl testing. 

Despite their many benefits co-firing with wood pellets is still 
subject to limitations at coal plants. With the aim of further 
increasing co-firing rates the thermal pre-treatment of biomass 
has become a topic of interest in the energy sector. A process 
known as torrefaction may lead to a new generation of fuel pellets 
which could enable substantial increases in co-firing rates. 
Although torrefied fuels may find application at small and 
medium-scale combustion and heating plants, their main venue 
is expected to be large pulverised fuel boilers because of their 
enhanced properties. 

Torrefaction is a roasting process, or incomplete pyrolysis, 
carried out under inert atmosphere; although small amounts of 
oxygen may prove to be more feasible and even beneficial for 
industrial applications [5,6], The aim of torrefaction is to decom¬ 
pose the hemicellulose component of the feedstock using modest 
temperature (220-300 °C) while avoiding excess gasification of 
cellulose and lignin components. Like different coffee bean roasts, 
the extent of torrefaction can be controlled through torrefaction 
temperature T and residence time of the feedstock in the reactor; 
the former being the more important parameter [7], Thermal inte¬ 
gration of pyrolysis gases formed during torrefaction is an objec¬ 
tive in nearly all torrefaction process concepts to date in order to 
maximise thermal efficiency [8,9], Some studies have investigated 
gas composition [10,11] but research into technical realisation 
which depends on employed reactor design is not well 
documented. 

Torrefaction reactor and process technologies are currently 
being evaluated worldwide but despite the technical details three 
key properties of the resulting torrefied biomass for co-firing have 
been identified [12]: calorific value, equilibrium moisture content 
(EMC) and friability of the biomass. 

Studies have shown that different biomass feedstock thermally 
decompose in a similar manner with the energy content yield of 
the solid product exceeding that of the mass yield [7,10,11,13-17], 
These studies show that torrefaction can improve the calorific value 
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of the feedstock by 7-21% resulting in gross calorific values in the 
range 20.3-23.6 MJ kg 1 for woody biomass [12], Additionally most 
of the feedstock is conserved with a corresponding range of solid 
mass yields of 61-82%. 

The dry mass fraction of hemicellulose in wood can range from 
20% to 30%. Softwood hemicellulose composition however differs 
from that of hardwood and is mostly (approximately 20%) com¬ 
posed of galactoglucomannans rather than glucuronoxylan [18], 
Differences between the rates of thermal decomposition of these 
two polysugars has been suggested to lead to greater increase in 
calorific value seen in hardwoods under otherwise equivalent tor- 
refaction conditions [10,11], 

Torrefied wood has a lower EMC which has been correlated 
with a decrease in the concentration of carboxylic acid groups 
[19]. In solid fuel low moisture content equates to greater net cal¬ 
orific value. Reported results for EMC of different wood species 
after torrefaction are for the most part in good agreement; though 
it is not always clear whether reported values are on a wet or dry 
basis. For example, spruce wood torrefied at 260 °C had an EMC of 
some 9% at temperature 23 °C and 75% relative humidity (RH) 
compared to 12% EMC when untreated. Similarly for pine wood 
the EMC was found to decrease from 15.6% to 8.7% at 30 °C and 
84% RH after torrefaction at 275 °C [14], The same values of EMC 
are reported by a different author using the same feedstock but 
for torrefaction at 300 °C [20]. At lower relative humidity (11% 
RH) they report EMC of the same material torrefied and untreated 
as 3.5% and 2.2% respectively. From these EMC values at different 
RH it is noted that differences in EMC for torrefied and raw feed¬ 
stock are greater at higher RH [14], 

Pine and logging residue chips were torrefied using a tempera¬ 
ture ranging from 225 to 300 °C. The reported moisture content 
(wet basis) ranged from 2.6% to 3.3% for pine and 2.4 to 3.1% for res¬ 
idues. The corresponding moisture of the untreated samples was 
6.7% and 7.9% [13], These are not reported as EMC because temper¬ 
ature and RH are not stated, making any comparison questionable. 
However, assuming all samples were kept under the same condi¬ 
tions, this gives a good indication of how torrefaction affects water 
uptake ability. Specific particle density of biomass may influence its 
moisture content so that measured results of EMC of loose feed¬ 
stock should be considered separately from densified products [21 ]. 

After torrefaction the energy required for size reduction of bio¬ 
mass is reduced. A 68-89% reduction in the energy needed for 
grinding after torrefaction at 275 and 280 °C has been reported 
[12,13,22], The improved friability of torrefied biomass fuel makes 
pulverisation in coal mills easier but also has disadvantages for fuel 
production. The greater the extent of torrefaction, the greater frac¬ 
tion of fine particles produced through grinding [15,22], This is 
expected to increase dust formation during handling. That dust 
poses a serious fire and explosion risk is well known and appears 
to be enhanced by torrefaction [23], Such risks are intensified in 
enclosed spaces where upgraded fuels are produced and stored. 

Studies cited above are all from laboratory-scale investigations 
in which pelletisation of torrefied materials is not considered. It 
has been shown that torrefaction of woody feedstock reduces its 
bulk density [13,24,25], Despite the improvement in calorific 
value, the fact that the volume of chipped material does not change 
appreciable after torrefaction [26] means that energy density 
(energy per cubic metre) of torrefied material is about the same 
or less than that original feedstock. This has been shown by Peng 
et al. for North American species of spruce, pine and fir whose 
(gross) energy density as sawdust after torrefaction at 280 °C for 
52 min has a range of 3.4-4.2 GJ nr 3 ; the range for the same raw 
(both dried and wet) samples is 3.7-4.3 GJ m 3 [24,25], After 
grinding and sieving to 1.5 mm particle size however Phanphanich 
et al. measured bulk densities which give a higher (gross) energy 


density range of 7.3-8.2 GJ m 3 for pine and logging residues torr¬ 
efied at 275 °C for 30 min - an improvement over the raw value 
range of 6.6-7.0 GJ nr 3 [13], 

Pelletisation of torrefied biomass is therefore desirable for 
transport economy, for improving handling and feeding character¬ 
istics and achieving a more energy-dense product. The ability to 
pelletise torrefied biomass is then also seen as a key property of a 
fuel designed for co-firing. 

Semi-industrial pellet mills however require large amounts of 
torrefied feedstock to make sample batches of pellets. Such quanti¬ 
ties are not available in small-scale laboratory studies. Many com¬ 
panies and research organisations have been pelletising torrefied 
material over the last decade but analysis of their products is done 
internally. This has meant that pellets made of torrefied materials 
have not been readily available to academic researchers for analysis 
but this situation is changing through research co-operation and 
international projects. Herein the term torrefied pellets means pellets 
made of torrefied biomass. This definition is necessary to distinguish 
between these and conventional wood pellets which have been 
torrefied after production which are also a subject of research. 

Although it is commonly known that pelletisation becomes 
more challenging with extreme torrefaction conditions, quantita¬ 
tive investigations have only recently emerged. At present the only 
detailed study to produce torrefied pellets on a semi-industrial 
scale was done by Larsson et al. They investigated pelletisation of 
Norway spruce after torrefaction at 270 and 300 °C using a semi¬ 
industrial pellet press (Biihler DPCB). They measured the energy 
required and found it to be 100% higher than for pelletising 
untreated softwood [4], The torrefied spruce pellets produced 
(8 mm diameter) had slightly greater bulk densities (630- 
710 kg nr 3 ) than conventional wood pellets but high amount of 
fines (10-30%) and significantly lower durability (80-90%). They 
report energy densities ranging from 12.3 to 14.7 GJ/m 3 [4], 

Using lab-scale reactors, researchers have been able to produce 
individual pellets from torrefied material using single pellet 
presses. Determination of pellet quality in these cases is limited 
to hardness testing because a mechanical durability test requires 
at least 500 g of pellets. The Meyer hardness of single pellets pro¬ 
duced from torrefied sawdust by Li et al. was found to be much less 
than that made of untreated sawdust. For sawdust torrefied at 240- 
300 °C the hardness value proved to be roughly half that of the 
untreated sawdust pellet. In their study, the Meyer hardness was 
measured after pelletising with a die temperature maintained at 
170 °C [27], The study by Peng et al. has shown that hardness 
(Meyer) of individually produced torrefied pellets depends on die 
temperature of the press (and mass yield of torrefaction). They 
found that “strong" pellets require die temperatures of at least 
230 °C [24,25], Though a strong correlation exists between pellet 
hardness and durability [28,29], hardness alone does not suffice 
as an indicator of pelletisation success according to existing stan¬ 
dards for pellet quality. 

Reporting on the making of single pellets, Li et al. measured the 
energy needed for both compaction and extrusion of sawdust torr¬ 
efied at 260-300 °C. Their data describes a 29-71% increase for 
compaction and 280-530% increase for extrusion although specific 
energy needed for the latter is much lower [27], Based on the work 
of Stelte et al. who studied the pelletising process using torrefied 
spruce and wheat straw, the reason for these energy increases is 
greater frictional forces present in the die of the pelletiser. They 
found that friction in the press channel of a single-pellet press 
increased by a factor of 10-30 between torrefaction temperatures 
250 and 300 °C. This in turn led to higher measured pressures 
[30,31], 

Greater frictional forces between particles also seem a likely 
cause of what Larsson reports as difficulties with regard to the flow 
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of torrefied material (especially for spruce torrefied at 300 °C) dur¬ 
ing pellet making due to the bridging of material in the conveyor 
system. This effect was worsened by the addition of water to the 
mix - in contrast to conventional pellet making. Based on their 
work Larsson suggests that pelletising with higher die temperature 
is one alternative to reduce energy consumption. 

It has long been held that lignin in woody biomass has been 
responsible for the relative ease of pelletisation and good mechan¬ 
ical durability of conventional wood pellets [32], The softening of 
lignin during mild heating from compaction and its re-hardening 
after pressing is said to provide the glue between particles and a 
shiny pellet surface. In chemical terms this mechanism has been 
described as hydrogen bonding at the lignin and cellulose surface 
areas [32], Mainly hemicellulose degradation during torrefaction 
has meant that most of the feedstock lignin is conserved. The lignin 
content of the solid product is then expected to increase signifi¬ 
cantly through torrefaction for woody biomass. Indeed for pine 
chips and logging residues torrefied at up to 300 °C lignin content 
has been reported to increase to 80-85% from the initial 26% in the 
untreated feedstock [13], Why then in the few findings described 
above does pellet durability and hardness appear inferior when 
using torrefied materials? One explanation put forward by Li 
et al. is that only low molecular weight lignin polymers play a role 
in lignin softening for untreated wood and that these polymers are 
also the first to degrade during pyrolysis [27], 

An early report on pellets made of torrefied wood made no 
mention of durability problems with produced pellets. On the con¬ 
trary, the ECN report which in many ways has “set the bar" for pel¬ 
let properties expectations finds that the durability of torrefied 
pellets are better than conventional pellets [26], This implies a 
durability rating higher than 98% which is routinely achieved with 
commercially produced wood pellets. Pellets produced from torr¬ 
efied sawdust as reported by Bergman also possess between 
150% and 200% greater hardness compared to conventional pellets. 
Although the hardness measurement method is not stated, in 
terms of Kahl hardness values this would correspond to 28- 
47 kg. For pellets made from torrefied larch wood the improved 
hardness is 250% or almost 52 kg in Kahl units. Several ECN publi¬ 
cations are available regarding their work with torrefaction that 
support these findings [26,8,33], 

EMC values for torrefied pellets are not reported by ECN or Lars¬ 
son. However both authors report similar moisture levels in their 
produced pellets after cooling - values ranging from 1% to 5%. 
Linder optimal production conditions, Bergman also reports a 
water uptake of only 7-20% (basis not specified) after a 15-h water 
immersion test [26], Returning to individually produced pellets, a 
minimum moisture content of 12-12.5% is reported for pelletised 
sawdust after torrefaction at 290-300 °C and stored for 48 h at 
30 °C and 90% RH [27], For pellets of untreated sawdust the EMC 
was 20.7%. 

What is clear from these few studies is that much more research 
is needed on the properties of pellets produced from torrefied bio¬ 
mass at semi-industrial scales. Information on storage and han¬ 
dling properties of a fuel is important in order to realistically 
determine its feasibility; especially if it is meant to replace an 
existing fuel which at present seems to be the most economical. 
Without detailed characterisation of pellet properties the co-firing 
potential of these pellets cannot be evaluated. 

The objective of the study described herein was to investigate 
the suitability of Finnish indigenous biomass for torrefied pellet 
production on a semi-industrial scale and to determine the basic 
physical properties of these pellets. These properties include the 
calorific value, bulk density, energy density, equilibrium moisture 
content, mechanical properties of the pellets (durability and hard¬ 
ness) and their resistance to water. 


2. Materials and methods 

2.1. Torrefaction of feedstock 

The torrefied pellet samples characterised herein were pro¬ 
duced at two European national energy institutes: the Energy 
Research Centre of the Netherlands (ECN) and the Spanish National 
Renewable Energy Centre (CENER). Both ECN and CENER operate 
pilot-scale torrefaction plants. The PATRIG plant at ECN can ther¬ 
mally upgrade 50-100 kg feedstock per hour and is based on a 
moving bed reactor which is directly heated [33,8], 

CENER’s Second Generation Biofuels Centre in Aoiz houses a 
torrefaction reactor, which can produce some 500 kg of torrefied 
biomass per hour. It is based on a rotary-drum design which is 
indirectly heated using a thermal fluid [9]. Pelletisation takes place 
within the same facilities. 

2.2. Feedstock for ECN 

Two abundant types of Finnish feedstock were selected for 
torrefaction at ECN: 

• whole-tree (predominantly pine) wood chips from forest¬ 
thinning operations 

• logging residues (branches and needles) crushed and sieved to a 

particle size of 8-32 mm. 

These were produced and dried at the Kokemaki heating station 
in Western Finland and shipped to The Netherlands. Based on 
preliminary thermogravimetric analysis of Finnish feedstock and 
single-pellet press trials which indicated ease of pelletisation, 
three different torrefaction temperatures were chosen. 

2.3. CPM pelletisation 

After torrefaction at ECN, pelletisation was done at the labora¬ 
tory of CPM Europe BV in Amsterdam. Torrefied materials were 
first reduced in size using a hammer mill whose power consump¬ 
tion ranged from 10 to 15 kW h t \ Pelletisation was done using a 
semi-industrial ring-dye pellet press, model CPM 2016-2, with 
nominal motor load of 75 kW with a 6 mm ring dye. Electric power 
consumption during pelletising was 70-80 kWht 1 with whole- 
tree wood chips and approximately 90 kW h t 1 using logging res¬ 
idues. The total amount of pellets produced at CPM was roughly 
1500 kg. 

2.4. CENER pellets 

The torrefied pellets produced at CENER were made from local 
beech stem wood under the supervision of the authors during a 
research visit to Navarre in October 2011. The torrefaction temper¬ 
ature and other process parameters were chosen by CENER person¬ 
nel based on their experience with the intent of demonstrating 
torrefaction and the pellet production process forming part of a 
research visit in the EU BIOCLUS Project. 

Table 1 summarises the pellet samples used in this study 
including reactor technology, torrefaction temperature, residence 
time and approximate mass yield. 

The torrefied pellets were shipped to Finland from The Nether¬ 
lands and Spain in late 2011. In addition to torrefied pellets, a sam¬ 
ple of conventional wood pellets was also characterised along with 
samples. 

The measurements described here were carried out at the labo¬ 
ratories of the Technical Research Centre of Finland (VTT). Deter¬ 
mination of gross calorific values and ultimate and proximate 
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Description of pellet samples used in this study. Symbols used refer to (a) Produced by Vapo Oy, contains typically less than 1% starch as binder, (b) approximately 3% wheat flour, 
(c) temperature range 270-273 °C. 


Sample number Sample name Torrefaction Mass yield Feedstock material 
temperature (°C) (%) 


Technology 


Wood pellet 3 Untreated 


Pine 235 235 91 

Pine 245 245 81 

Pine 255 255 77 

Lres 240 240 91 

Lres 250 250 83 

Beech 270 270 c 76 


Sawdust & cutter shavings (Pinus sylvestris ) Conventional pellet production 

Whole-tree pine chips (Pinus Moving-bed reactor, direct heating. Residence time 

sylvestris ) 30-45 min. (ECN) 

Logging residue chips 

Logging residue chips with binder b 

Beech stem wood chips (Fagus Rotary-drum rector, indirect heating. Residence time 

sylvatica) 40-45 min. (CENER) 



The bulk density of the pellet samples was measured using 
standard methods (see Fig. 1 ). with a five-litre cylindrical container 
(EN 15103). The energy density (Eq. (2)) represents how much 
energy is contained within a cubic metre of space (GJ m 3 ) and 
has practical use in determining storage volumes and transport 
expenses based on fuel needs. Calculated a values only have mean¬ 
ing when p and q correspond to the same level of moisture in the 
fuel. For example, if q is the net calorific value at a moisture con¬ 
tent M then p must also be of same moisture content. The bulk 
density at different moisture contents can be calculated by assum¬ 
ing that moisture does not affect the volume of fuel, using the def¬ 
inition of moisture content on wet basis: 


Fig. 1. Measured gross calorific value (left axis) and bulk density (right axis) of the 
seven pellet samples. Both measurements were carried out according to standard 
methods (EN14918, EN 15103). 


m M = m d 


\\oo-mJ 


(3) 


analysis of samples took place at VTT in Espoo. Other measure¬ 
ments on pellets were done at VTT laboratories in Jyvaskyla during 
spring 2012. Equilibrium moisture content determination of loose 
beech feedstock was done in the Department of Chemistry at the 
University of Jyvaskyla. 

2.5. Calorific value, bulk density and energy density 

Gross calorific value measurements of samples (see Fig. 1 ) were 
carried out at constant volume and at a reference temperature of 
25 °C using a bomb-type calorimeter according to standard proce¬ 
dure (EN 14918). In measuring gross calorific value using this 
method, the gaseous H 2 0 formed from combustion products is 
condensed to a liquid. In practice, however, fuels are combusted 
at constant pressure and condensation of H 2 0 is not assumed; it 
exits the power plant along with combustion gases. The so-called 
net calorific value takes this into account. 

Eq. (1) gives the net calorific value as a function of moisture 
content M in addition to the content of hydrogen w(H) d , oxygen 
w(0)d and nitrogen w(N) d in the dry fuel. 

w = {Qvgr, d - 212.2 X w(H) d - 0.8 x [w(0) d + w(N)J} 

x (1 - 0.01 M) - 24.43M (1) 

The coefficients in Eq. (1) stem from the conversion of caloric 
value at constant volume to constant pressure conditions and from 
the enthalpy of vapourisation for water at 25 °C. For derivation of 
the equation the reader is directed to annex C of the European 
standard for determination of calorific value (EN 14918). This value 
is often called as received value because moisture content is easily 
measured on-site when fuel is received at power plants. Conse¬ 
quently this value determines the price of the fuel. 

(2) 


2.6. Determination of equilibrium moisture content 

The static conditions necessary for determining EMC of pellets 
were provided through use of a custom-built condensing dryer 
used as a climatic testing chamber (Fig. 2). The device allows mea¬ 
surement and regulation of temperature, humidity and air flow at 
atmospheric pressure. The conditions chosen for the EMC mea¬ 
surement were a temperature of 22 °C and RH of 85%. The uncer¬ 
tainty in humidity regulation is estimated at ±2%. Moisture 
content is reported on a wet basis and determination was carried 
out according to the existing standard for solid biofuels (EN 
14774). Prior to measurements, samples were kept in the labora¬ 
tory for several weeks where ambient temperature is maintained 



Fig. 2. The condensing dryer at VTT used as a climatic testing chamber for the 
determination of equilibrium moisture content of pellet samples at 22 °C and 85% 
RH. The sample chamber with observation window is the cubical compartment 
located on the right-hand side of the photograph. 


a = pqc E 
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at 20 °C with approximate relative humidity of 50%. Herein the 
term as received refers to samples kept under these conditions. In 
what follows, the methodology of the EMC measurement is 
described. 

The climatic chamber was turned on and allowed to stabilise at 
test conditions. A sample of each bio-coal pellet type (exceeding 
300 g) was placed in an open tray made of aluminium foil. The ini¬ 
tial moisture content of each sample was then measured. The trays 
containing the samples were placed in the chamber. At regular 
intervals the trays were removed from the chamber and their mass 
was measured using an electronic laboratory balance. The order in 
which each tray was weighed was the same for all subsequent 
measurements. The weighing of all the trays took place within a 
few minutes time during which the climatic chamber was closed 
and maintained at test conditions. The measurements continued 
until the mass of the all the samples remained constant - this 
occurred within an approximate twenty-four-hour period. The 
moisture content of Sample 1 was determined separately from that 
of other samples and used two batches of samples whose average 
moisture content appears in the data. The initial moisture content 
of the samples was also measured at the start of the test for EMC 
determination. 

The EMC as a function of relative humidity was measured for 
both untreated and torrefied beech wood - the same material used 
in producing Sample 7. Untreated and torrefied beech wood chips 
obtained from CENER during production of torrefied pellets, were 
milled using a Retsch SMI 00 cutting mill with a 1 mm bottom 
sieve which according to the manufacturer results in 75-80% of 
the milled material having a particle size less than 0.5 mm. It 
was observed however that the milled torrefied beech produced 
a greater amount of dust and otherwise appeared finer than the 
untreated beech despite the use of the same mill and sieve. 
Untreated and torrefied beech sample mass used to determine 
EMC were in the range of 180-280 and 240-310 mg (±5 mg) 
respectively. 

Conditions of constant relative humidity were realised by using 
super-saturated solutions of various salts (Table 2) in sealed half¬ 
litre plastic containers along with untreated and torrefied samples. 
Each of the samples (prepared in triplicate) was kept in an open 
plastic 15 mL sample container (with lid stored beneath) whose 
mass was recorded beforehand. Samples were weighed every other 
day until mass appeared constant (within 0.5%). For most of the 
samples this occurred after about eight days but measurements 
continued for 19 days. The lid of each sample container was put 
in place immediately upon removal from the constant RH condi¬ 
tions in order to minimise absorption or drying due to ambient 
atmosphere while weighing. 

Calculation of RH was done using polynomial equations of the 
form 

RH = Y^AiV (4) 

which were derived by Greenspan from a compilation of fitted data 
[34], Salt types, polynomial coefficients, valid temperature range 
and calculated RH at 22 °C are presented in Table 2. The EMC was 


determined at five different relative humidity values ranging 
between 11 and 94% RH. The average value of EMC from three sam¬ 
ples was calculated at each of the five RH conditions. EMC was also 
determined at lower temperature using refrigeration and the same 
setup. 

2.7. Pellet mechanical durability and hardness test 

Durability was measured according to the existing standard for 
fuel pellets (EN 15210). The durability value describes the mass 
proportion of the sample which remains intact after removal of 
fine broken pieces (fines which pass through a 3.15 mm sieve). 

Pellet hardness was determined using an Amandus Kahl hard¬ 
ness tester. The test was repeated ten times for each sample type 
(i.e. ten pellets of each sample) and the average value with stan¬ 
dard deviation is reported. Being a static force measurement, the 
results are given in kilogram equivalency. The tester uses a series 
of springs to measure force. The calibration of these springs was 
not verified for the obtained results. 

Mechanical durability and hardness tests were carried out on 
both the samples as received and those maintained at 22 °C and 
85% RH (Section 2.6). Durability and hardness tests were also 
attempted on the samples after rainfall simulation (Section 2.8). 

2.8. Rainfall simulation and water immersion test 

Pellet samples were exposed to simulated rainfall and as 
described: A 1 kg sample of pellets was placed on a 450 mm diam¬ 
eter Retsch 3.15 mm sieve. The amount was sufficient to cover the 
bottom of the sieve with one layer of pellets. The sieve was placed 
over a container. Simulated rainfall was realised through use of a 
spray bottle fitted with a nozzle having many orifices. In total, 
400 g of water was sprayed over each sample during a one-hour 
period. Runoff water drained through the sieve and was collected 
in the container beneath. The mass of water not absorbed by the 
pellets could then be determined. The total amount of water corre¬ 
sponds to rainfall of 2.5 mm per hour - a level of rainfall intensity 
which occurs in Finland statistically once every decade. This level 
of rain was predefined beforehand by a method of trial and error. 

Pellets were also subjected to a water immersion test. A 500 g 
sample of each pellet type was placed in a filtration bag which 
was then submersed for 15 min in a five-litre container of water. 
By weighing the quantity of water after the immersion period, 
the amount of water absorbed by the pellet sample could be 
known. The immersion time was predefined by a method of trial 
and error. 

3. Results 

A summary of measured and calculated values is presented in 
Table 4. The net calorific values were calculated using Eq. (1) both 
as dry and at the EMC found in Section 2.6. The measured values of 
elemental composition from Table 3 were used in the equation. 
Using Eqs. (2) and (3) the energy density of pellet samples was cal¬ 
culated on a dry basis and at EMC. The EMC values for the samples 
were assumed to be the same as the last measured data points in 


Table 2 

Salts used in determination of equilibrium moisture content. Relative humidity at 22 °C as calculated using Eq. (4), coefficients At within valid temperature range [34], 


T ,nax (-C)RH(%) 


Lithium chloride (LiCl) 11.2323 

Magnesium chloride (MgCl 2 ) 33.6686 

Sodium bromide (NaBr) 64.719 

Sodium chloride (Nad) 75.5164 

Potassium nitrate (KN0 3 ) 96.3361 


-0.0082425 —2.15E—04 0 

-0.007974 —1.09E—03 0 

-0.22199 —4.02E—03 5.90E-06 

0.0398321 —2.65E—03 2.85E-05 

0.0112371 —4.85E—03 0 


0.0 100.3 10.95 

0.0 99.4 32.97 

5.0 80.0 57.95 

0.0 80.0 75.41 

0.6 48.1 94.24 
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Fig. 3. Measured moisture content (data points) of seven pellet samples over time 
after placement in the climatic chamber. Conditions inside the chamber were held 
at 22 °C and RH of 85 ±2%. Note that measurement of Sample 1 was carried out 
separately. Moisture content was calculated on wet basis and determination was 
carried out according to standard methods (EN 14774). 


Fig. 3. The increase in calorific value Aq has been calculated using 
gross calorific values as defined in [12], 


4. Discussion 

The following discussion refers to the results presented in 
Table 4. 

The measured values of qv,gr,d found for pellets herein range 
from 20.80 to 21.91 MJ kg -1 . The general trend in the properties 
of the samples is that a higher torrefaction temperature corre¬ 
sponds to a higher calorific value, higher energy density, a drier 
pellet and greater value of Aq. This is most clearly seen in those 
samples produced from identical feedstock (Samples 2-4 and 
5-6). The highest overall gross calorific value was measured for 
Sample 4 whose torrefaction temperature was 255 °C. The 


calculated net calorific value for this sample was also the highest. 
As the residence time of Sample 2 through 6 is similar this agrees 
with recent findings which have shown that temperature is the 
most significant factor for torrefaction when aiming to maximise 
mass loss from the feedstock and increasing calorific value [16]. 

Pellet Samples 2-4 were produced from the same feedstock 
with torrefaction temperature being the only different parameter. 
Their measured properties show a gradation to that of an improved 
fuel according to torrefaction temperature. With the exception of 
M ar , d and h ar all other properties increase with temperature. Like¬ 
wise, all calculated values increase with temperature. Durability is 
maximum for Sample 3 - the greatest value of all the softwood 
samples. Of the pine pellets the greatest hardness was measured 
for Sample 3 (see Fig. 4). 

The two samples produced from logging residues can also be 
compared to see how temperature and the addition of a binding 
agent affect their properties. The hardness of Sample 6 is roughly 
half that of all other pellets for both as received and EMC condi¬ 
tions. It seems likely this stems from the binder but may also indi¬ 
cate given the feedstock a torrefaction temperature higher than 
optimal for pellet strength - for example, poor cohesion due to 
excess degradation of low-weight lignin polymers. Comparing 
properties of Sample 5 and 6 from Table 4 the general conclusion 
is that addition of the binder results in an inferior pellet (reduced 
density, durability, hardness and energy density with increase in 
water uptake). 

At 22 °C and 85% RH the energy density of the fuels are notice¬ 
able less than on a dry basis. According to the calculated results 
Sample 7 was found to have the greatest energy density both on 
a dry basis and at its EMC. This is mostly a result of it having the 
highest measured bulk density (702 kg nr 3 , M ar = 5%) but also 
likely to stem from the finding that hardwood undergoes a greater 
increase in calorific value during torrefaction than softwood owing 
to the differences in their hemicellulose composition [10,11], The 
high energy density of Sample 7 compared to other samples may 
be a combination of this effect along with a higher torrefaction 
temperature and bulk density. 


Summary of measured and calculated properties of the seven pellet samples used in this study. Symbols used refer to (a) 22 °C and RH 85% (b) average of reported values [3], (c) 
Aq as defined in [12] and based on untreated GCV (MJ kg-') values: whole-tree pine (19.967), logging residues (20.206) and beech (19.674). 


Sample Measured Values Calculated Values 



9VJM 

(Mjkg- 

Par 

’) (kgm 

M ar Memc 
- 3 )(%) (%) 

d ar d“ 

m m 

har h‘ M 25 

(kg) (kg) (%) 

i Mis 
(%) 

(mjajt 1 

) (Mjkg- 

’) m‘k S -' 

pd 

) (kgm- 

3 ) (kgm- 

3 ) (GJm- 

3 ) (GJm- 

Aq 

3 ) (*) 

Wood pellet 20.48 

678.5 

6.67 11.66 

98.0 (98.2) b 20.9 (0.5) (19) b 31 

77 

17.73 

19.17 

16.61 

633 

717 

12.97 

11.91 

0.00 

Pine 235 

20.80 

556.6 

7.89 10.60 

80.0 69.2 

15.1 (4.7) 18.3 (3.1) 33 

66 

17.78 

19.51 

17.13 

513 

573 

10.66 

9.82 

4.17 

Pine 245 

21.77 

633.1 

5.49 9.50 

92.0 86.6 

20.7(0.6) 19.4(3.1) 32 

53 

19.25 

20.51 

18.28 

598 

661 

13.03 

12.09 

9.03 

Pine 255 

21.91 

633.8 

5.65 9.37 

88.2 81.6 

18.8 (3.6) 20.3 (1.8) 32 

51 

19.34 

20.65 

18.43 

598 

660 

13.10 

12.16 

9.73 

Lres 240 

21.59 

681.3 

7.09 9.41 

89.1 84.3 

17.8 (2.9) 18.6 (3.1) 32 

46 

18.69 

20.31 

18.12 

633 

699 

13.67 

12.66 

6.85 

Lres 250 

21.70 

643.2 

6.99 9.84 

86.8 79.1 

9.8 (1.7) 10.6 (3.5) 33 

50 

18.84 

20.44 

18.12 

598 

664 

12.98 

12.02 

7.39 

Beech 270 

21.60 

702.3 

4.99 8.93 

97.1 95.5 

19.7 (2.4) 20.4 (1.6) 32 

39 

19.24 

20.38 

18.28 

667 

733 

14.41 

13.39 

9.79 
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Fig. 4. Durability of pellets, measured according to standard methods (EN 15210), 
at laboratory conditions and at EMC conditions of 22 “C and RH 85%. The values are 
average values from two measurements from each sample batch. Note that there is 
no data for Sample 1 at 22 °C RH 85%. 

The range of bulk density values (556-702 kg m 3 ) had a lower 
range than those reported by Larsson et al. but this may be due to 
lower torrefaction temperature and differing wood type. They 
report a range of 630-710 kg m 3 for torrefied spruce pellets with 
moisture content between 1% and 5% [4], However, they do not 
report RH nor ambient temperature conditions corresponding to 
this moisture content. 

It is noted that the energy density of the conventional wood pel¬ 
lets in this study was found to be relatively high. The energy den¬ 
sity of Sample 1 appears at the top end of the Finnish range 
(12 GJ m 3 ). This should be considered when evaluating the bene¬ 
fits of torrefied pellets overs conventionally produced ones. 

The measured EMC for the torrefied samples ranged from 8.9% 
to 10.6% at 22 °C and 85% RH. All samples were found to have a 
lower EMC than conventional wood pellets whose value was found 
to be 11.7%. The EMC of Sample 7 (8.9%) was the lowest of all torr¬ 
efied pellet samples - a difference of 2.7% on a wet basis. 

The EMC of Sample 7 is plotted along with EMC isotherms for 
milled beech in Fig. 5. At 85% RH it agrees within experimental 
uncertainties with straight lines connecting data points. It can 
be seen that the absolute difference in EMC between untreated 
and torrefied beech is greatest at high RH. Isotherms show that 
EMC depends strongly on relative humidity and inversely on 
temperature. 

The durability (as received) of the samples 2-6 ranged from 80% 
to 92%. The only sample of torrefied pellets to meet the minimum 


S 21 



Relative Humidity (%) 


Fig. 5. Measured isothermal curves for equilibrium moisture content (wet basis) of 
untreated (at 8 and 22 °C) and torrefied beech stem wood (at 7 and 22 °C). The EMC 
of pellet Sample 7 at 22 °C and 85% RH is also shown. 


normative durability classification was found to be Sample 7 
whose durability was 95.5% (see Fig. 4). The lowest durability 
(69%) was measured for pellets made from whole-tree pine feed¬ 
stock at 22 °C and 85% RH. The durability of all measured samples 
was found to decrease at 22 °C and 85% RH compared to those as 
received. The size distribution of fine particles was not measured 
in this study but the amount of fine material found in accessing 
durability is significantly greater than the nominal level for con¬ 
ventional wood pellets. Excluding Sample 7, the mass proportion 
of fines ranged from 13.4 to 30.8% a range similar to that found 
by Larsson et al. [4] for torrefied spruce pellets. 

The hardness of all torrefied pellets was found to be less than 
conventional wood pellets (Fig. 6). Hardness of torrefied pellets 
was observed to increase slightly at 22 °C and 85% RH compared 
to that as received. The only exception to this trend was Sample 
3 whose hardness decreased. The reason for this exception is not 
known but may not be of significance considering sample size 
and uncertainties. The lowest hardness value (9.8 kg) was found 
for pellets made from logging residues. 

The moisture content of all seven samples was similar falling 
between 31% and 33% after rainfall simulation. This indicates that 
relatively heavy rainfall results in short-duration wetting to the 
same extent regardless of torrefaction conditions. Immediately fol¬ 
lowing the simulation, durability and hardness tests were again 
attempted on torrefied samples. With the exception of Sample 7 
this was not possible because all samples disintegrated due to 
moisture. These results have not been presented. 

The moisture content of pellet samples after 15-min immersion 
in water indicates that higher torrefaction temperature results in a 
more water-resistant pellet. Conventional wood pellets (Sample 1) 
were found to have the highest moisture content (77%) and Sample 
7 the lowest (39%). Between these extremes samples produced 
from the same feedstock (Samples 2-4) showed a decrease in 
M JS as torrefaction temperature increased. Torrefied logging resi¬ 
due pellets containing binder (Sample 6) showed 4% higher mois¬ 
ture content. In this case, the reason for higher retained moisture 
may be the presence of the binder (3% wheat flour) whose absorp¬ 
tion capacity is expected to be the same as other untreated bio¬ 
mass. Based on the 15-min immersion test results, outdoor heap 
storage of torrefied pellets characterised here would not appear 
to be sensible given the energy and care put into their production. 
Therefore it is expected that torrefied pellets of the types studied 
herein would require similar storage methods as conventional 
wood pellets. 

The relative calorific value increase (Aq) through torrefaction is 
seen to range from 4.1% to 9.8% for torrefied pellets. It is noted that 
this range is less than that achieved in laboratory-scale studies on 



Fig. 6. Hardness measurement results of pellet samples as received and at EMC 
conditions of 22 °C and RH 85%. Presented values are averages of ten measure¬ 
ments. Note that there is no data for Sample 1 at 22 °C RH 85%. 
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industrially produced pellet properties and to conventional wood 
pellets in Table 5. 

The gross calorific values of torrefied pellets found here agree 
with Larsson’s dry ash-free value. As received moisture contents 
are much higher than those of other authors and as a result the 
net calorific values are correspondingly lower. Bergman reports 
only net calorific values (lower heating value) which are of similar 
magnitude as gross values found here. Bulk density values are in 
better agreement with Larsson but not with Bergman whose 
reported values are notably higher. Summarising the values in 
Table 5 the biggest differences found are in values for bulk density, 
received moisture content, net calorific value, energy density, M] 5 
and pellet hardness. 

In general, the results found here agree well with the most 
recent study [4] excluding EMC both of pellets and torrefied beech 
wood and hardness results which to the authors’ knowledge have 
not previously been reported in peer-reviewed literature. 

Durability and hardness of torrefied pellet samples were found 
to be problematic both in this study and by that of Larsson. If the 
solution to this is not found by use of higher die temperatures or 
other innovations, perhaps its importance for large-scale co-firing 
applications should be revisited. For example, the quality of con¬ 
ventional wood pellets is important for small-scale combustion 
behaviour in domestic pellet boilers but less so for industrial use 
where flue gases can be better regulated and cleaned [35], If an 
analogous case is found for the issue of durability then as also sug¬ 
gested by Obernberger et al. perhaps pellet standards could be 
modified to allow for lower durability values for industrial use of 
torrefied pellets if greater fines content is not problematic. 

In terms of fuel properties, Sample 7 showed the most benefi¬ 
cial results: lowest equilibrium moisture content (8.9%), the high¬ 
est energy density (14.4 GJm~ 3 ), best durability (95.5%) and the 
greatest Kahl hardness (20.4 kg). At a temperature of 22 °C and 
85% RH, the net energy density of these pellets was calculated to 
be 13.4 GJ m 3 ; 12.6% greater than the energy density of wood pel¬ 
lets (Sample 1) and 13.6% greater than the typical mid-range value 
of Finnish wood pellets (Table 5). 


5. Conclusions 


From the results of this study the following can be si 
regard to the produced pellet samples: 


• Feedstock choice has a strongly influence on properties of torr¬ 
efied pellets. 

• Durability of torrefied pellets is problematic compared to wood 
pellets. 

• Outdoor heap storage of torrefied pellets is not recommended. 

• Logging residues do not seem to be an optimal feedstock choice 
for torrefied pellets. 

• Wheat flour does not appear suitable as binder for torrefied pel¬ 
lets production due to water absorption. 

• Pelletising using high die temperature (above 170 °C) should be 
investigated. 

The rationale behind torrefied pellet production is to achieve a 
product that is superior to conventional wood pellets. The results 
herein indicate that superior properties (dry basis) include higher 
calorific value (4-10%), greater energy density (max. 11%), lower 
EMC, and resistance to moisture. Mechanical durability of torrefied 
pellets with one exception (Sample 7) was found to be inferior 
ranging from 80% to 92%. The hardness of all torrefied pellets 
was less than conventional pellets. Additionally, EMC isotherms 
for torrefied beech wood have been presented. 

Further research on the properties of torrefied pellets is needed. 
Studies should focus on the entire production chain as well as end 
use investigation on milling, conveying and direct co-firing 
properties at the power plant. This is important because torrefied 
pellets are meant to be a fossil coal replacement and enable greater 
co-firing rates. 
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